Introduction
Semiallogeneic pregnancy which occurs as a result of mating between histoincompatible individuals belonging to the same species is generally successful and there are few animal models with which natural mating leads to a moderate abortion rate (Clark, 1985; . Many types of interspecies pregnancies, in contrast, tend to have a high failure rate. Sheep goat matings, and pregnancies created by transferring donkey embryos into horses, usually result in intrauterine destruction of the embryo associated with an infiltration by maternal mononuclear cells at the endometrial-trophoblastic interface reminiscent of the histological picture of graft rejec¬ tion (Hancock, McGovern & Stamp, 1968; Allen, 1982) . Furthermore, repeat pregnancies of the same type fail more rapidly and a similar accelerated abortion can be achieved by immunization with the cells of the male, a finding suggestive of immunological memory (McGovern, 1973; Allen, 1982) . However, some types of interspecies blastocyst transfers do lead to successful pregnancy (Allen, 1982; Bennett & Foster, 1985;  Kydd, Boyle, Allen, Shepherd & Summers, 1985) and it is important to understand the mechanisms that determine the success of xenoembryo transfer as a prelude to preserving endangered species by blastocyst transfer to xenogeneic recipients.
We have investigated a murine model of xenogeneic pregnancy failure created by transferring blastocysts from one species of mouse (Mus caroli) into the uterus of another species, the laboratory mouse (Mus musculus). (Wilson & Shortman, 1984) or pan-specific pattern of killing are present within the dead embryos (Croy, Rossant & Clark, 1982 , 1985 Clark, Slapsys, Croy & Rossant, 1984) . Mus caroli embryos will survive to term in the Mus musculus uterus if enveloped in Mus musculus trophoblast. Therefore, the trophoblast must play a key role in determining the outcome of the xenopregnancy (Rossant, Croy, Clark & Chapman, 1983) . During successful semiallogeneic pregnancy, non-T suppressor cells develop in uterine decidua at the implantation site. Local active suppressor cells are markedly scarce at the Mus caroli implant sites in the Mus musculus uterus 5 days after implantation . Since these local suppressor cells appear to be activated or recruited by trophoblast cells, we have proposed that the Mus caroli embryos may be immunologically rejected due to a species restriction that prevents suppressor cell recruitment by the xenogeneic trophoblast cells Slapsys, Beeson & Clark, 1985 (Clark, 1985) .
In the present study we have investigated the immunological basis for the failure of M. caroli embryos in putatively immunoincompetent M. musculus mice.
Materials and Methods
Mice. Embryo transfer and chimaera production using outbred Mus caroli and Mus musculus have been described in detail elsewhere (Croy et al, 1982 (Croy et al, , 1985 . CDI and CDI nu/nu mice were purchased from Charles River; DBA/2 and C3H/He mice were obtained from the Jackson Labora¬ tories, Bar Habor, Maine. C3H DBA/2 (C3D2Ft) mice were bred in our unit. C3H/He, BALB/c, and Mus caroli were also obtained from the IRCS breeding facility at Villejuif and CSEAL-CNRS (Orleans) breeding unit from the nucleus of Dr J. Bonhomme.
Immunological methods. Delayed-type hypersensitivity was tested by the foot-pad swelling technique. Briefly, the thickness of the right and left hind footpads was measured using a pressure sensitive micrometer, and 20 µ of medium or test cells (usually spleen cells) were injected into the right and left pad. After 24 h, the thickness was again measured and the difference in swelling due to the cellular challenge (i.e. increment with cells -increment with medium alone) was determined. Medium used throughout the study was alpha-MEM supplemented to contain 10% fetal bovine serum, 100i.u. penicillin/ml, 100 µg streptomycin/ml, and 5 10"5 M-2-mercaptoethanol. Sterile cell suspensions were prepared as previously described by gently pressing the spleens through a 60-mesh stainless-steel screen .
Mixed lymphocyte cultures were performed by mixing 3 106 spleen cells from one type of mouse (the responder) with 1 106 irradiated histoincompatible spleen cells (stimulator cells) in 3 ml medium in 17 100 mm plastic tubes. After 4-5 days at 37°C in 7% C02, the cell pellet was tested for its ability to lyse 51Cr-labelled tumour cells (YAC) or lymphoblasts that had been generated by growing spleen cells from the stimulator strain of mouse in medium with concanavalin A for 3 days as described elsewhere (Croy et al, 1982 .
A soluble suppressor factor was prepared from cell suspensions made from the decidua of Day 14-5-15-5 allopregnant Mus musculus or Mus caroli (i.e. Mus caroli x Mus caroli) Clark, Chaput, Walker & Rosenthal, 1986 (Porter & Berry, 1964) .
In some experiments, a C3H embryonic cell line with trophoblastic features derived from placenta ('B6' cells) (Beeson, Daynes, Weinert & Gahring, 1984) Placental cell suspensions from Day 14-5-15-5 of pregnancy were presented by collagenase digestion as described elsewhere and tested for their ability to block lysis of YAC target cells by lymphokine-activated killer cells (LAKs). The LAKs were generated by incubating spleen cells for 4-7 days in culture medium supplemented with IL-2 derived from PMA-stimulated EL-4 cells (Kolb, Chaouat & Chassoux, 1984) . This IL-2 was kindly provided by Dr J. P. Kolb, Institut Curie, Paris, France. The washed LAKs were added with placental cells to the assay wells containing 51Cr-labelled YAC targets, and 4 h later, the amount of isotope release was determined.
Results

Mus musculus arepresensitized to Mus caroli
It has previously been reported that Mus caroli xenoembryos invariably failed in cyclosporine -treated Mus musculus females, no matter how high the dose of drug (Croy et al, 1985) . However, once the dose had reached 15mg/kg/day, normal alloembryos began to die and at a dose of 50 mg/kg/day, there was complete lethality in agreement with the observations of Ryffel (1982) . It was important to know whether or not the cyclosporine A was an effective suppressant of a puta¬ tive Mus musculus anti-caroli immune response. Cyclosporine A at a dose of 7-5-15 mg/kg/day can effectively inhibit a primary immune response to an allograft, but is frequently ineffective if there is pre-sensitization (Homan, Fabre, Williams, Millard & Morris, 1980; Horsburgh, Wood & Brent, 1980; Gratwohl, Forster & Speck, 1981) . Therefore, the foot-pad swelling test was done to test for pre-existing sensitization of Mus musculus against Mus caroli antigens. As illustrated in Table 1, in all 3 experiments, delayed-type hypersensitivity to Mus caroli cells was demonstrated. In contrast, in 2 reciprocal experiments in which Mus caroli were tested for sensitization to Mus musculus, no significant hypersensitivity was found (net specific swelling of 50 + 81 (N = 5) and 15-5 + 10-2 (N = 5); the latter experiment contained an outlier that increased mean swelling but also the s.e.m.). These results suggested that Mus musculus embryos might be destroyed less rapidly in the uterus of Mus caroli, as previously reported (Croy et al, 1985) . CTL precursorfrequency as a test for presensitization Unidirectional graft rejection models have been described for thyroid and islet cell allografts in B10.S and B10.S (7R) mice in which a graft in one direction fails (B10.S into B10.S (7R)) but succeeds in the opposite direction (B10.S (7R) into B10.S) (Isakov & Bach, 1985) . The unidirec¬ tional rejection was explained by the finding that the accepting (i.e. non-rejecting) recipient had only 25% as many CTL precursors reactive with B10.S (7R) antigens as the BIO.S (7R) rejecting strain had to B10.S (Isakov & Bach, 1985) . Therefore, the CTL precursor frequency for Mus musculus and Mus caroli against each others antigens was determined. (Table 2) . Similar results were obtained using CDI + IL-2. The activation of specific killing by IL-2 has been shown to result from the reactivation of memory CTL cells (Yoshimoto, Kashima, Okada, Amikura & Hamuro, 1985) .
Therefore, both the foot-pad swelling data and the CTL precursor data indicated that Mus musculus possessed pre-existing immunity to Mus caroli. This pre-existing immunity could explain the failure of cyclosporine to block résorption of Mus caroli embryos in the Mus musculus uteri, the rapidity of the rejection of Mus caroli embryos in Mus musculus, and the non-reciprocal nature of the transfer system.
Studies with putatively immunoincompetent nude mice
It has previously been shown that Mus caroli embryos resorb in the uterus of CDI nu/nu females, whereas CDI Mus musculus embryos géstate successfully (Croy et al, 1985) . Mice of the Table 3 ). The identity of the effector population in the nu/nu mice was not determined in these studies. The flat titration curves from cytotoxicity shown in Exp. 2 were reminiscent of the flat titration curves seen with low-level cytotoxic activity of in-vivo allosensitized cells (Clark, Phillips & Miller, 1977) . (Croy et al, 1985) . Before concluding that non-immunological mechanisms led to the demise of the Mus caroli embryos, it is important to know whether the chimaeras were, in fact, immunologically tolerant. To examine this issue, the chimaeras were tested for their ability to reject skin grafts in vivo and their spleen cells were tested for the ability to generate CTL in vitro. As shown in Table 4 , the chimaeric spleen cells were able to mount a CTL response against pooled Mus caroli stimulator cells. Six chimaeras were tested with similar results. Furthermore, Mus caroli skin grafts were rejected by the chimaeras (Croy et al, 1985) . Mus caroli are not inbred and therefore these results could be explained by the skin graft donors being allogeneic to the parental contribution to the chimaera. However, addition of IL-2 to the chimaeric spleen cells also led to the generation of CTL specific for Mus caroli antigens (Table 4) Clark, 1985) and in a chimaera, both Mus musculus and Mus caroli trophoblast should be able to recruit suppressors provided the decidua is chimaeric . This suppression in allopregnant Mus musculus is sufficient to prevent rejection even when the female has been immunized against the MHC antigens of the father (Clark, 1985; . Since it has been shown in Table 4 -2± 3-1 9-3 ± 3-5 24-6 ± 3-8* 17-6 + 2-5* 37-1 + 20* 0± 3-3 38-6 + 2-6 42-9 ± 3-2 88-5 ± 0-9* (Croy et al, 1985) . The results presented in this paper examine certain assumptions about the puta¬ tively immunologically unreactive recipient mice upon which previous conclusions were based. The discovery of pre-sensitization of Mus musculus against Mus caroli antigens explains why embryo destruction may occur so rapidly in Mus musculus hosts and why the reaction is not suppressed by cyclosporine A. The explanation for pre-sensitization is unknown but may represent sensitization by a cross-reactive antigen such as a virus that would be seen in association with 'self MHC as a modified-self (allo-or xeno-antigen).
Athymic nu/nu mice are certainly competent to reject certain types of grafted tumours, albeit not by a specific adaptive immune response but due to activation of non-specific effector cells. The nu/nu mice clearly may have the ability to discriminate against xenogeneic blastocysts at implan¬ tation much earlier in pregnancy than usual and this selective elimination of xenogeneic embryos is consistent with the greater cytotoxic activity of activated macrophages, against xenogeneic target cells (Cabilly & Galliley, 1981 (West, Fredo, Papaioannou, Karr & Chapman, 1977; West, Fredo & Chapman, 1978) . Three chimaeric females inseminated with Mus musculus spermatozoa produced a total of 114 Mus musculus and 15 hybrid offspring in 34 litters (West et al, 1977) . In a chimaera, therefore, the number of hybrid implantations might be expected to be less than the estimate (134) given above. When hybrids were treated by inseminating chimaeras with Mus caroli spermatozoa, for which Mus caroli antigens not repre¬ sented in the Mus caroli component of the chimaera would be expected, no successful pregnancies occurred . The number of females studied was too small, however, to allow meaningful conclusions.
Although immune reactivity appears to play an important role in the demise of the xenogeneic embryo in the Mus caroli-Mus musculus system, the exact mechanisms initiating death remain unclear. In the chimaeric uterus, one would expect Mus caroli decidual tissue to exist and to interact with Mus caroli trophoblast. It is therefore unlikely that Mus caroli embryos fail in the chimaeric uterus because of a complete species incompatibility between the decidua and the trophoblast. The hypothesis that Mus caroli blastocysts die in the chimaeric uterus because they are more fastidious is difficult to test experimentally. It seems more likely that a species-restricted ability of trophoblast to recruit local active suppressor cells and a lesser recruitment in a caroli-caroli trophoblastdecidua interaction as compared to musculus-musculus interaction leaves caroli embryos highly susceptible to attack by the sensitized maternal immune system . Mus 
